This is the second of 2 articles that discuss the biology and pathophysiology of wound healing, reviewing the role that growth factors play in this process and describing the current methods for growth factor delivery into the wound bed.
PLATELET-DERIVED GROWTH FACTOR FAMILY
Platelet-derived growth factor ( Figure 1 , Table 1 ) is one of the first factors produced in response to injury and induces cellular responses throughout all phases of the repair process. Plateletderived growth factor is multifunctional and is released by platelets, macrophages, keratinocytes, fibroblasts, and endothelial cells. 1 Currently, 4 PDGF isoforms are known, including PDGF-A, PDGF-B, PDGF-C, and PDGF-D. Platelet-derived growth factors A and B can form both heterodimers and homodimers and are secreted in their active form, whereas PDGF-C and -D are homodimer-forming species and require extracellular activation. 2 Platelet-derived growth factor family members exert their activity on cells after binding to a complementary family of receptor tyrosine kinasesVPDGFR->>, PDGFR->A, and PDGF-AA. Ligand binding followed by homodimerization or heterodimerization of PDGFR and their phosphorylation triggers several signaling pathways, including phospholipase CF pathway, phosphatidylinositol-3-kinase (PI3K), and a number of mitogenactivated protein kinase (MAPK) pathways. 3, 4 Activation of these pathways by PDGF generally leads to enhanced cellular migration and proliferation and causes increased vascular endothelial growth factor (VEGF) and insulin-like growth factor (IGF) production. Importantly, enhanced growth factor receptor expression and extracellular matrix (ECM) (fibronectin, hyaluronic acid) production ensue. 1, 5 It should be noted that, under certain conditions, PDGF-> can have a negative impact on cell motility, while retaining its promitogenic effect. 3, 6 Platelet-derived growth factor receptors > and A are normally expressed by several cell types at low levels; however, in response to injury and in the presence of exogenous growth factors, such as epidermal growth factor (EGF) and PDGF-AB, receptor expression is markedly up-regulated. This up-regulation of PDGFR and its phosphorylation appear to be necessary for timely healing, whereas uncontrolled PDGF signaling may play a role in hypertrophic scarring. 1, 6, 7 The levels of PDGF and PDGF receptor expression have been shown to be low in diabetic and aged mice that have a delayed response to injury. 1 Similarly, PDGF levels are depressed within nonhealing human ulcers, 8 perhaps because of both underproduction and/or excessive protease-mediated degradation. Therefore, the delivery of exogenous PDGF was investigated and found to be beneficial for those patients with chronic wounds. As a result, in 1997, the FDA granted approval of becaplermin containing PDGF-BB for the treatment of diabetic ulcers. 9 Despite this approval, the outcomes of treating diabetic ulcers with this PDGF-containing preparation have been found to be less than convincing or inconclusive. Moreover, it has been demonstrated that excessive use of this ointment may lead to increased risk of cancer. 10 It may be that nonresponsiveness to PDGF treatment, observed in some patients, is due to low expression levels of PDGF receptors by cells residing within chronic wounds, 11 or it could be caused by rapid degradation of the growth factor by proteolytic enzymes within the chronic wound bed. 12 Also confounding the use of PDGF is the fact that epithelial cells within chronic wounds lack PDGF receptors. Moreover, the complexity and persistence of the chronic wound bed suggest that delivery of a single entity as a corrective therapeutic may not be sufficient. A combination and/or patient-specific approach to chronic wound treatment might be required to enable optimal healing and wound closure. 13, 14 Therefore, improved outcomes of PDGF and other growth factor-based therapies will undoubtedly come with better understanding of cellular and molecular abnormalities occurring in chronic wounds and/or with development of better drug delivery methods, which are discussed in the following section.
FIBROBLAST GROWTH FACTOR
The fibroblast growth factor (FGF) ( Figure 2 , Table 2 ) family includes 23 members. Fibroblast growth factors 1, 2, 7, 10, and 22 are expressed upon dermal injury. 4 The biology of these paracrine growth factors has recently been reviewed. 15 After their liberation from the ECM, FGF ligands bind and activate FGF receptors (FGFRs) in a heparan sulfate proteoglycan (HSPG)-dependent manner. Receptor-ligand interaction induces receptor dimerization and transphosphorylation, leading to activation of downstream signaling including Ras/MAPK and PI3K/Akt pathways. 15 Fibroblast growth factors 1 and 2, also known as acidic and basic FGF, respectively, are produced by inflammatory cells, vascular endothelial cells, fibroblasts, and keratinocytes. They play roles in re-epithelialization, angiogenesis, and granulation tissue formation. 1, 16 Fibroblast growth factor 2 also stimulates production of ECM-and matrix-degrading enzymes, thus contributing to matrix synthesis and remodeling, which is critical for normal wound healing. 17 Fibroblast growth factors 7, 10, and 22 are expressed by fibroblasts and proliferating keratinocytes. 18 These factors are mitogenic and motogenic for keratinocytes and induce enzymes important for nucleotide synthesis, as well as production of matrix metalloproteinases (MMPs). 19 In addition to their direct role in wound healing, FGF-7 and FGF-10 stimulate production of transforming growth factor > (TGF->) and other ErbB ligands by dermal keratinocytes, thus contributing to epithelialization. 19 Fibroblast growth factor 7 SIMPLIFIED REPRESENTATION OF PDGF SIGNALING CASCADE subfamily members also have cytoprotective effects and upregulate reactive oxygen species-protective (antioxidant) enzymes, such as peroxiredoxin VI, as well as reduce the levels of inflammatory mediators induced by the injury. 15, 18 Finally, FGF-7 has been shown to increase production of VEGF, MMP-9, and urokinase plasminogen activator (uPA) by several tumor types possibly contributing to cancer-induced angiogenesis. 20, 21 More work will be required to reveal whether FGF-7 can indirectly contribute to angiogenesis during repair of normal tissue.
It is generally accepted that FGF-FGFR-mediated signaling is impaired in chronic wounds. 4 Clinically, both a decrease in FGF production and increase in its sequestration by an inhibitory heparan sulfate present in chronic wound fluid have been observed. 22, 23 In animal models of delayed wound healing (diabetic and aged animals), abnormal expression of FGF-1, FGF-2, and FGF-7 and diminished expression of FGFRs have been reported, and exogenous FGFs have been successfully used to improve tissue repair. 24, 25 These observations led to development of a number of clinical trials. Fibroblast growth factors 1 and 2 have been used for treatment of chronic wounds and burns, with only modest improvements in healing rates being observed. 4, 26 Fibroblast growth factor 7, which currently is FDA approved for treatment of oral mucositis, 15 was shown to enhance the repair of venous ulcers in a phase 2A clinical trial, 27 but failed to increase the percentage of wounds fully healed within the 20 weeks of the study. 28 This failure has been attributed to insufficient retention of the growth factors within the wound bed, which could be significantly improved using advanced delivery methods such as growth factor-containing biodegradable dressings described in the following section.
VASCULAR ENDOTHELIAL GROWTH FACTOR
The VEGF family ( Figure 3 , Table 1 ) includes 6 membersVplacental growth factor (PLGF), VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-E. Vascular endothelial growth factors are heparinbinding glycoproteins and exert their functions after binding to several cell-surface tyrosine kinase receptors VEGFR1, VEGFR2, and VEGFR3, with VEGFR-1 and VEGFR-2 mainly mediating angiogenesis and VEGFR-3 important for lymphangiogenesis. 29 Novel VEGF receptors known as neuropilins may also be involved in wound-healing angiogenesis. 30 
FGF SIGNALING AND WOUND HEALING
Five FGF family members are expressed upon dermal injury. Fibroblast growth factors 1 and 2 belong to FGF-1 subfamily and are produced by macrophages, keratinocytes, endothelial cells, and fibroblasts to stimulate both epithelial and mesenchymal cells. Members of FGF-7 subfamily (FGF-2, FGF-10, and FGF-22) mainly affect epithelial cells. Interactions between FGF ligands and FGF receptor lead to receptor dimerization and are enhanced by heparan sulfate proteoglycan (HSPG). Receptor-ligand interactions lead to activation of phosphatidylinositol-3-kinase and mitogen-activated kinase pathways and induce an increase in cell migration, proliferation, and production of growth factors and matrix remodeling enzymes, including MMPs.
Although expression of VEGF family members in normal skin is negligible, in response to injury-induced hypoxia their production is markedly up-regulated. In addition to hypoxia, several growth factors, including TGF-A1, FGF-2, and PDGF-BB, are important inducers of VEGF. 4, 31 During wound healing, platelets, macrophages, fibroblasts, and keratinocytes secrete VEGF where it acts in a paracrine manner on endothelial cells, inducing and supporting wound angiogenesis. 1 Vascular endothelial growth factor receptors 1 and 2 activation by VEGF triggers multiple events required for successful angiogenesis during injury repair. These include an increase in vascular permeability; degradation of the basement membrane by uPA and tissue-type plasminogen activators, MMP-1 and MMP-2; endothelial migration mediated by >vA3, >vA5, >1A1, and >2A1 integrin receptors and their ligands 32, 33 ; and proliferation of vascular cells within the wound bed. 31 Vascular endothelial growth factor together with PLGF take part in mobilization of VEGFR-2-expressing endothelial progenitor cells (EPC) into the circulation. 34 The mechanisms of VEGF/PLGF-mediated EPC homing to the wound site, however, remain unknown.
Other effects of VEGF family members include monocyte migration and activation 35 and production of MMPs by smooth muscle cells, inducing their migration and proliferation during hypoxia, [36] [37] [38] fibroblast proliferation and formation of scars, 39 and keratinocyte motility required for wound re-epithelialization. 31 In a similar manner to other growth factors, such as FGF-2, VEGF family members, particularly VEGF-A and VEGF-B, exist in an ECM-bound state. [40] [41] [42] Vascular endothelial growth factor binding to tenascin-X both localizes and enhances VEGF stimulatory effects. Interestingly, tenascin-X, 42 as well as tenascin-X-derived fragments, 43 has proangiogenic properties, which may prove instrumental as enhancers of wound healing.
A number of studies performed with chronic wounds of different origin have shown both an increase in VEGF mRNA but a paradoxical decrease in VEGF protein levels because of augmented proteolytic activity observed within the wound bed. 44 Additional disruption of VEGF signaling in chronic wounds may come from an increase in soluble VEGFR-1 observed in venous ulcers. 45 Importantly, exogenous VEGF has been successfully used in animal studies 46 and proposed for use in treatment of chronic wounds in humans. Recombinant human VEGF was well tolerated in a clinical phase 1 trial in patients with chronic diabetic foot ulcers but its outcomes as a therapeutic remain to be evaluated/established. 47 However, results of the Phase II clinical trial were negative. The instability of VEGF in the protease-rich wound environment could be one of the reasons for its inefficiency. In turn, the use of biologically active and protease-resistant VEGF isoforms could potentially overcome this problem. 48 Nonetheless, it should be recognized that VEGF, which was initially identified as a vascular permeability factor, has been shown to induce uncontrolled growth of nonfunctional vessels. 49 Therefore, this growth factor alone may not be sufficient (or appropriate) for the formation of stable blood vessels necessary to successfully repair injury sites or chronic wound beds. If VEGF were combined with other enhancers, however, wound healing might be improved.
EPIDERMAL GROWTH FACTOR FAMILY
The EGF family ( Figure 4 , Table 1 ) includes several members, 4 of whichVEGF, heparin-binding EGF-like growth factor (HB-EGF), epiregulin), and TGF->Vhave been implicated in wound healing. 1, 50 Epidermal growth factor family members are synthesized in a membrane-bound form and require activation by MMPs or ADAMs (a disintegrin and metalloproteinase). In an autocrine, paracrine, or juxtacrine fashion, EGF family members bind and activate the ErbB (ErbB1-4) family of receptor tyrosine kinases. Ligand binding leads to homodimer and heterodimer formation, autophosphorylation of cytoplasmic tyrosine residues, and activation of intracellular signaling pathways, including Ras/MAPK, PLCF/PKC, PI3K/Akt, and STAT. 1,4,51 Transforming growth factor > is produced by platelets, macrophages, lymphocytes, and keratinocytes. Cleavage and activation of TGF-> are carried out by ADAM17. Cellular effects of TGF-> are mediated by the ErbB1 receptor present on keratinocytes, endothelial cells, and fibroblasts. 52 In keratinocytes, TGF-> acts in both paracrine and autocrine manner to stimulate mainly migration and, to some extent, proliferation. 53 The effects of TGF-> on fibroblasts and endothelial cells are virtually identical to those of EGF. 54 As such, TGF->-deficient mice have no defects in formation of granulation tissue and only slight abnormalities in epithelialization. 1 Epidermal growth factor is secreted by platelets, macrophages, fibroblasts, and bone marrow-derived mesenchymal stem cells. 4, 55 It is synthesized in an inactive membrane-bound form and has to be cleaved by ADAM10 and possibly other yet unknown proteases to exert its functions. 52, 56 Epidermal growth factor is a potent stimulator of epithelialization, angiogenesis, fibroblast proliferation, and survival. 54 Cellular effects of EGF are mediated by the ErbB1 receptor. In keratinocytes, ErbB1 activation by EGF requires the presence of urokinase receptor and leads to an increase in cell proliferation, migration, and laminin (F2 chain) deposition via activation of MAPK/ERK1/2 pathway. 57 In endothelial cells, EGF (as well as HB-EGF) signals via PI3K and MAPK pathways to induce migration and vascular tube formation, but not proliferation. 58 Finally, EGF effects on fibroblasts are mediated by PI3K-, Rac-, and ERK-dependent signaling pathways, 59 which leads to an increase in MMP production and cell proliferation.
Heparin-binding EGF-like growth factor is another EGF family member that is important for wound healing. 1 It is produced by macrophages, hematopoietic cells, endothelial cells, vascular smooth muscle cells, and keratinocytes. Expression of HB-EGF is regulated in a tissue-specific manner; in keratinocytes, it is induced by injury and stress and is mediated by p38 MAPK, PKC, Ras, and ERK. 60 Activation of membranebound HB-EGF is achieved by metalloproteinases, such as MMP-3 and ADAM family members, particularly ADAM 9 and 17 as well as by cellular stress. 61, 62 Moreover, it has been shown that exogenous enzymes, particularly collagenase derived from Clostridium histolyticum, can also activate HB-EGF, possibly making it available to cells residing within the wound bed. 63 
EGF SIGNALING AND WOUND-HEALING RESPONSES
Members of the EGF family are synthesized in a membrane-bound form. Their release from a membrane and activation is performed by matrix metalloproteinases of MMP and ADAM families. Activated epidermal growth factors (EGFs)VEGF, transforming growth factor > (TGF->), and heparin-binding EGF (HB-EGF)Vinteract with 1 or more Erb receptors (arrows). Note that Erb2 receptor does not bind EGF ligands and acts as a dimer-forming partner or a coreceptor. Ligand-receptor interactions initiate several signaling pathways, including mitogenactivated protein kinase pathways (MAPK), Erk1/2, and phosphatidylinositol-3-kinase leading to increase in post-injury migration, proliferation, and production of MMPs and inflammatory mediators. Interestingly, Erb receptors can be activated by matrix fragments that contain EGF-like repeats.
Activated HB-EGF (also known as soluble HB-EGF) directly interacts with ErbB1, ErbB3, and ErbB4 and is a potent stimulator of keratinocyte migration and epithelialization. 4, 64, 65 Heparin-binding EGF-like growth factor also activates PI3K, MAPK, and endothelial nitric oxide synthase in endothelial cells and promotes angiogenesis. 58 An important distinction between HB-EGF and other family members described here (EGF and TGF->) is its high affinity for heparin and HSPG. This binding modulates the activity of HB-EGF, and (at least in smooth muscle cells and Chinese hamster ovary cells) the interactions of HB-EGF with HSPGs are required for optimal receptor-ligand interactions and enhanced activity of EGF receptor. 66, 67 At present, it is not known whether HB-EGF-HB-EGF receptor interactions are dependent on the presence of heparin-like species or HSPGs and whether this association plays a pivotal role in regulating keratinocyte or endothelial cell function during the cellular responses to injury and wound healing.
Although activation of ErbB receptors generally occurs after specific ligand binding, some ErbB receptor functions are EGFligand independent. It has been shown that in cancer cells these receptors are activated after interactions with G protein-coupled receptors and integrins. Similarly, during wound healing, ERbB1 receptor-mediated keratinocyte responses may be independent of EGF-ErbB interactions. 57, 68 Furthermore, EGF-like repeats of ECM molecules tenascin C and laminin 332, both involved in repair processes, can bind and activate EGF receptors and stimulate fibroblast proliferation. 69 The role of EGF family members in wound healing is not limited to direct effects on keratinocytes, fibroblasts, and endothelial cells. Many of these factors are potent inducers of inflammatory mediators and their receptors. For instance, TGF-> induces expression of several toll-like receptors (TLR5 and TLR9) and enhances TLR responses to their cognate ligands (bacterial flagellin and unmethylated bacterial DNA sequences), thus leading to an increase in production of antimicrobial peptides and the proinflammatory interleukin 8. 53, 70 Production of another important inflammatory mediator, nitric oxide produced by nitric oxide synthase, is also regulated by EGF and HB-EGF. 53, 71 Moreover, it has been shown in vitro that EGF and HB-EGF induce keratinocyte VEGF and fibroblast FGF-2 production. 72, 73 In summary, EGF family members are essential for all aspects of wound healing: They are important modulators of inflammatory responses, directly and indirectly stimulate re-epithelialization, and contribute to angiogenesis and granulation tissue formation. As such, EGFs are critical for normal injury and repair processes.
In chronic wounds, inadequate levels of EGF and EGFR have been observed. 74 Because of this, exogenous EGF has been used in clinical trials for treatment of nonhealing wounds.
Unfortunately, EGF did not lead to significant improvement of healing rates, perhaps because of MMP-mediated EGF degradation within the ''hostile'' chronic wound environment. 75 Other reasons for the failure of exogenous EGF to improve injury repair include possible instability or inadequate expression of its receptors found in persistent wounds. 74 
TGF-A FAMILY
The TGF-A superfamily ( Figure 5 , Table 1 ) members play multiple regulatory roles in modulating wound healing responses 16 and scarring. 76 Although this family includes more than 30 members in mammals, 77 so far only TGF-A1-3, bone morphogenetic proteins (BMPs), and the activins have been implicated in wound healing and therefore are discussed in detail. 4, 78 Transforming growth factors A1, A12, and A13Vthe ''firstdiscovered members'' of the TGF-A familyVare produced by a variety of cell types including macrophages, platelets, keratinocytes, and fibroblasts. With the exception of TGF-A1 that is produced by platelets in its active form, all TGF-A family members are generated in an inactive precursor form complex with latent TGF-binding proteins linked to ECM components. Activation of TGF-A is achieved by MMP-2, MMP-9, thrombospondin 1, and integrin >vA6 together with membrane-type MMP. 79 Typically, active TGF-A binds serine/threonine kinase receptor TARII, which recruits and phosphorylates a related TARI. After activation, the receptors trigger canonical SMAD (Sma and Mad-related proteins)-mediated and noncanonical signaling pathways leading to cytoskeletal rearrangements, induction of cell motility, and activation of transcriptional machinery. 80 Transforming growth factors A1, A2, and A3 have overlapping but distinct functions during wound healing. All 3 are important for recruitment of the inflammatory cells and fibroblasts to the wound bed and facilitation of keratinocyte migration. Transforming growth factors A1 and A2 are prominent inducers of fibroblast-myofibroblast differentiation, ECM deposition, contraction, and scar formation, whereas TGF-A3 has been shown to inhibit scarring. 4 The effects of TGF-A1 on cells depend on its concentration: Low levels of TGF-A1 stimulate endothelial proliferation and migration, and at high concentrations, it enhances matrix production. 79 Bone morphogenetic proteins 1, 2, 4, 6, and 7 have been detected in normal skin, where they are involved in the maintenance of the stem cell niche within the hair follicles and regulate matrix assembly. 79, 81 Although BMPs (BMP-6, in particular) seem to be involved in keratinocyte differentiation, their role during the wound-healing process remains uncertain. 4 Activins A A and A B have been implicated in wound healing. They are expressed by fibroblasts, endothelial cells, and keratinocytes and act in a paracrine manner, inducing keratinocyte differentiation and leading to an increase in matrix deposition by fibroblasts. 78, 82 Moreover, activins play a prominent role during fibrosis and are involved in formation of hypertrophic scars and keloids. 83 Therefore, antiactivin and anti-TGF-A1-A2 therapies could be used to treat fibrotic wound-healing complications.
In chronic wounds, decreased levels of TGF-A ligands have been reported, suggesting that addition of exogenous TGF-As may be beneficial for injury repair. 84 However, numerous clinical trials using this growth factor to treat nonhealing wounds have failed. 4 This apparent discrepancy can be due to several reasons. First, TGF-A signaling is extremely complex, and its effects are cell type and growth factor concentration dependent. Second, the TGF-A receptor density on cells residing within chronic wounds is decreased, affecting their ability to adequately respond to this growth factor.
The use of TGF-A-related proteins as wound healing therapeutics should be approached with great caution as they are implicated in the development of hypertrophic scars and keloids. 76 Anti-TGF-A therapies, such as neutralizing antibodies, 85 are now under investigation for treatment of these distressing conditions. More work needs to be done to fully reveal the potential of pro-and anti-TGF-A therapies.
Clearly, the growth factors discussed in this section of the review are indispensable for the normal wound-healing process. Therefore, many of them have been proposed, and one (PDGF) is currently used to treat both chronic and acute wounds and burns, although with limited success. Several considerations mitigate against the effective and safe use of these growth factors in treatment of wounds.
First, most of the current therapies do not take into consideration the fact that normally growth factors act in a concerted manner working both together and in sequence to regulate the repair process. Therefore, although use of a single growth factor is the standard practice at present, it is probably not the best option. Second, during wound healing in vivo, protein growth factors often interact with nonproteinaceous soluble mediators of repair such as bioactive lipids. 86 In fact, the lipid molecules act synergistically with growth factors, enhancing their activity and promoting in vivo wound healing. 87,88 
SCHEMATIC REPRESENTATION OF TGF-A-DEPENDENT SIGNAL TRANSDUCTION
The members of the TGF-A family (TGF-A1, TGF-A2, TGF-A3, bone morphogenetic proteins [BMP], and activins) bind and activate TGF-A receptor type II, which then recruit (curved arrow) and transphosphorylate receptor type I. Following injury and during wound healing, ligand-receptor interactions lead to the activation of canonical (SMAD-mediated) or noncanonical pathways, which in turn induce changes in cell proliferation, matrix production, cell differentiation, and cytoskeletal rearrangements. The effects of TGF-A on cell proliferation (*) are cell type and growth factor concentration dependent.
Therefore, therapies combining growth factors and other bioactive, particularly lipid moieties, could be beneficial. Finally, the effectiveness of a growth factor depends on its availability to the cells within the wound bed. Methods for its improvement and ways for delivery of the growth factors into the wound bed are discussed in the following section.
DELIVERY OF GROWTH FACTORS INTO THE CHRONIC WOUND BED: CURRENT APPROACHES AND FUTURE PERSPECTIVES
Growth factors are critically important for coordinating cell-cell and cell-matrix interactions during normal injury repair. Insufficient bioavailability of growth factors, because of diminished synthesis and/or excessive degradation, is a hallmark of chronic wounds. Therefore, exogenous growth factors delivered to nonhealing wounds may facilitate cellular responses and lead to timely wound closure. 12 Despite a number of promising studies in animal models showing acceleration of healing upon addition of a variety of growth factors, their clinical use remains limited because methods for their delivery need further development. As mentioned, the only growth factor approved for clinical use is recombinant human PDGF-BB becaplermin, which is supplied in a gel form with sodium carboxymethylcellulose serving as a vehicle. The ointment is normally applied once daily, and the wound is dressed after the application. This straightforward preparation of PDGF-BB is relatively effective in the treatment of both chronic and acute wounds. 14, 89 However, as discussed, a large number of patients do not respond to the treatment, in part because of rapid degradation of the growth factor in proteolytic wound environment resulting in insufficient concentration of the PDGF in the chronic wound bed. 12 The main purpose of a drug delivery system for wound healing would be to protect the labile growth factor from a protease-rich wound environment, extend its presence/activity at the site of injury, minimize its systemic absorption, and, if possible, prevent immune responses. Several types of delivery systems fulfilling these requirements have been reported in-cluding proteinaceous ECM-derived vehicles and carbohydratebased and synthetic matrices. Many of these matrices are biodegradable or biocompatible and are already safely used/FDA approved for other applications, 90 whereas others are under investigation. These delivery systems are discussed in detail.
DELIVERY OF PROTEINS TO THE WOUND BED

Protein-Based Delivery Systems
Collagen ( Figure 6A ). Collagens are multifunctional ECM proteins constituting roughly 30% of the protein mass in the human body. 91 Collagens maintain tissue structural integrity and function as signaling molecules via the interactions with their cellular receptors, particularly integrins. These triple helical proteins ( Figure 6A ) always contain collagenous glycine-X-Y sequences, where X is often proline and Y is 4-hydroxyproline. Frequently, collagen molecules also include noncollagenous domains that are important for intermolecular interactions and signaling functions of these proteins. 92 Collagens are classified into fibrillar and network-forming collagens; in addition, a number of collagens with interrupted triple helices have been described. 93 Cutaneous fibrillar collagens include collagen types I, III, and V, whereas networkforming family members are collagen types IV and VII (located in the anchoring fibrils). Type I collagen is the base for the majority of wound healing products 94 ; some dressings obtained from natural matrices contain other collagens as well. 95 Collagens can be easily obtained in large (milligram-gram) quantities from bovine, porcine, and human sources. Furthermore, even nonhuman collagens do not induce excessive inflammatory reactions, have relatively low antigenicity, and can support the growth of a variety of cell types, such as fibroblasts, keratinocytes, and endothelial cells. 96 Consequently, collagenbased materials are often used in tissue engineering and are under investigation for a variety of applications, such as wound dressings. 96 The latter can be classified in the following ways: collagen sponges produced from natural lyophilized matrices (OASIS Wound Matrix; Healthpoint Biotherapeutics), skin substitutes containing dermal and/or epidermal cells (Apligraf; Organogenesis, Canton, Massachusetts), and collagen-based matrices with synthetic backings (Integra; LifeSciences, Plainsboro, New Jersey). Collagens can be also combined with oxidized regenerated cellulose (Promogran; Systagenix, Quincy, Massachusetts). Collagen-based dressings are particularly suitable for treatment of chronic wounds, as they have been shown to effectively control wound exudate, inactivate proteases, and can protect exogenously added growth factors from degradation. 97, 98 The use of collagen-based materials for growth factor delivery was proposed more than 20 years ago. 99 Loading of the collagen scaffolds with growth factors can be achieved by a number of different methods (Figure 7 ).
Simple sponge rehydration with a solution of biologically active molecules is the easiest way to load the scaffold. [100] [101] [102] In 1998, Pandit et al 100 used a solution of FGF-1 applied onto collagen sponges implanted in dorsal wounds in a rabbit model. There was a significant but moderate improvement in the rates of healing in wounds treated with collagen-FGF-1 combination compared with collagen alone. However, it remained unclear whether incorporation of FGF-1 into the collagen sponge improved the growth factor delivery because FGF-1 alone was not used in this study. 100 Two similar studies were performed in Japan using EGF and FGF-2 applied to spongy collagen matrices. 101, 103 In both cases, growth factors incorporated into the collagen matrices were more efficient in prevention of wound contraction and promoting epithelialization as compared with vehicle alone.
In another study, 102 collagen rehydration was performed using solutions of several radioactively labeled growth factors, including FGF-2, PDGF, HB-EGF, and VEGF. The matrices then were implanted into dorsal subcutaneous pockets in mice. This study revealed significant differences in growth factor release kinetics. Although 50% of FGF-2 remained within the scaffold for over 10 days, PDGF, and especially VEGF, demonstrated burst release. Only 40% of incorporated PDGF stayed intact at day 3 after implantation, and more than 90% of VEGF and HB-EGF were released by this time. The effects of such collagen-growth factor complexes on wound healing were not studied. 102 However, these results suggest that simple collagen soaking could potentially be an acceptable way for loading of specific growth factors, such as FGF-2, into collagen matrices. Different approaches might be necessary for other active molecules, such as HB-EGF and VEGF. One way to increase collagen-growth factor affinity is to incorporate heparin-like moieties into a collagen scaffold. 104 This is particularly effective for integration of heparin-binding growth factors, such as members of the FGF, VEGF, and EGF families. 15, 29, 52 Vascular endothelial growth factor loading into heparinized collagen increased retention of this growth factor within the matrix up to 48 hours. 104 This is in contrast to almost immediate release of VEGF that was simply added to a dry collagen sponge. 102 Importantly, in both cases, incorporation of growth factors into the collagen matrices provided protection against proteolytic degradation and preserved the activity of the growth factor. 102, 105, 106 Similarly, growth factors can be crosslinked directly to the collagen matrix. 105 These studies suggest that heparinized collagen scaffolds or sponges to which growth factors have been cross-linked could be used to deliver these bioactive molecules into the wound bed.
Derivatizing growth factors with affinity tags have also been tested in efforts aimed at enhancing wound-healing dynamics and injury responses. For example, Stompro et al 99 used biotinylated growth factors and/or matrices cross-linked with avidin molecules and took advantage of high-affinity biotin-avidin interactions. The authors used biotinylated EGF that was attached to biotinylated collagen in the presence of tetravalent avidin. In vitro keratinocyte growth assays performed in this study demonstrated that this modified growth factor retained its activity and therefore could be available to the cells. The effectiveness of this method for delivery of EGF to wounds is not known.
More recently, growth factors have been modified by the addition of collagen-binding domains (CBDs) of different origins. 107 For example, EGF fused with CBD derived from fibronectin (FNCBD-EGF) was able to bind to collagens I, II, III, and IV with high affinity and increased the growth rates of keratinocytes on modified matrices. 107 Moreover, when tested in vivo using animal models of impaired wound healing, FNCBD-EGF combined with collagen sponges improved wound epithelialization. This work was followed by a number of studies utilizing another collagen-binding stretch of amino acids (TKKTLRT) to modify PDGF-BB and FGF-2. 108, 109 This modification of growth factors improved their binding to collagen scaffolds and allowed for increased scaffold vascularization and wound healing, 108, 109 suggesting that CBD-containing growth factors could successfully be delivered into the wound bed.
Unfortunately, none of the methods described are currently used to routinely deliver growth factors to wounds in patients. One of the concerns raised here is the necessity of using animal-based products. These products may pose a risk of disease transmission and are prone to variability in chemical composition dependent on their origin. In order to eliminate these issues, artificial biomimetic collagen-like substrates could be used. 93 The synthesis of these molecules is possible because collagen-like (Gly-X-Y)n peptides have a unique ability to selfassemble. Proteinaceous fragments with length and thermal stability resembling naturally occurring collagens have been synthesized using helicogenic ProYaaGly (Yaa = hydroxyproline or proline) strands linked by disulfide bonds. 110 To the authors' knowledge, no research has been performed in order to evaluate whether these artificial collagen mimetics could be used to deliver growth factors to the wound bed. These studies would have to address a number of important questions. For instance, it is presently unknown whether the artificial collagen-like materials would induce immune response. Moreover, it remains to be determined whether these molecules can be degraded with naturally occurring proteases. Finally, it would be necessary to develop means by which the growth factors and/or other biologically active molecules could be incorporated into these artificial biomaterials.
Fibrin
Fibrin ( Figure 6B ) is a fibrous protein arising from fibrinogen (produced in the liver) after its cleavage by thrombin and forms complex 3-dimensional gel networks stabilized by plasma transglutaminase. It is a major component of the natural wound provisional matrix formed immediately after injury as part of the blood-clotting cascade and plays a key role in initial events of healing. Fibrin gels, structurally similar to native fibrin, can be formed in vitro from purified blood plasma containing fibrinogen and thrombin in the presence of calcium chloride 111 and are used for a number of biomedical applications. Fibrinbased formulations are currently FDA approved for use as hemostatic agents, as sealants for colostomy closures, and for skin graft attachment. 112 In addition, these biocompatible and biodegradable matrices whose configuration can be modified by varying the polymerization conditions (pH, salt, and fibrinogen concentration, etc) have a great potential as vehicles for drug delivery.
Several groups have used fibrin gels or scaffolds to deliver growth factors, either alone or in combination with cells into the cutaneous wound bed. In an early study by Pandit et al, 113 the authors used fibrin scaffold impregnated into polytetrafluoroethylene to deliver FGF-1 to full-thickness dorsal wounds in normal rabbits. An increase in angiogenic and fibroblastic responses to injury was observed in the presence of fibrinincorporated FGF-1, but not in response to topical free FGF-1. 113 In another study, fibrin was used to deliver FGF-2 to normal or ischemic wounds in rats. 114 At day 10 after injury, a moderate increase in the tensile strength of the ischemic wound was observed. However, the same FGF-2-containing fibrin gel preparation had a negative effect on normal wound healing. 114 It is known that the healing of ischemic wounds is significantly delayed as compared with normal wounds. 115 Therefore, it is likely that timing for delivery of growth factor to normal and ischemic wounds might be different.
Relatively simple modifications of fibrin-based delivery systems can regulate the growth factor release rates, 116 so that they could be adjusted to supply the growth factors to wounds of different etiologies and at different stages of the healing process. For example, blending fibrin-based delivery systems with naturally occurring polysaccharides, such as glycosaminoglycans, has been demonstrated to be effective in altering rate/extent of growth factor release. In vitro addition of heparin to a fibrin solution before polymerization decreased the initial burst release of FGF-2, extending the growth factor retention for up to 7 days. 116 Increase in thrombin concentration had a similar effect. In this case, FGF-2 remained in the scaffold for more than 14 days. As a result, in a mouse model of hind-limb ischemia, fibrin gel preparation containing 100 mg/mL fibrinogen, 500 IU/mL thrombin, 200 mg heparin, and 25 mg FGF-2 increased blood vessel density by more than 2-fold. 116 These data demonstrate that prolonged release of proangiogenic growth factors from heparin-containing fibrin scaffolds may be beneficial for cutaneous wound healing via stimulation of wound-healing angiogenesis.
Modification of the growth factor itself is another method to increase the retention of the biologically active molecule within the scaffold (Figure 7 ). In the study published by Geer et al, 117 FGF-10 was modified with a fibrin-binding site of >2-plasmin inhibitor, allowing for an interaction between the FGF-10 and fibrin matrix in the presence of factor XIII. In vivo release of active FGF-10 was achieved after fibrin degradation by the cells residing within the wound. This system allowed for a 7-daylong presence of the growth factor in the wound and a significant increase in epithelialization of full-thickness wounds that had been created in human bioengineered skin transplanted into athymic mice. 117 Because of the diversity of growth factors and other signaling molecules involved in the process of normal wound healing, delivery of a single growth factor to a wound bed may not be sufficient or adequate to significantly promote wound healing. Therefore, there have been attempts to deliver multiple growth factors using fibrin-based delivery systems. For example, using the chicken embryo chorioallantoic membrane model of neovascularization, it has been shown that fibrin gels could be used to deliver FGF-2 and VEGF simultaneously. 118 To the authors' knowledge, no studies have been performed to determine whether fibrin-based systems can be used to deliver multiple growth factors to the wound bed. Such scaffolds, however, have been successfully used to deliver a combination of a growth factor and cells to excisional wounds in athymic mice. 119 In this research, human keratinocytes and EGF were suspended in a fibrin matrix and sprayed onto the wound surface. This scaffold preparation extended the presence of EGF within the wound for 3 days. In addition, it increased the rates of wound epithelialization as compared with fibrin alone or fibrin matrices containing either EGF or keratinocytes. 119 More recently, fibrin gels were used to deliver fibroblasts and PDGF-BB into excisional wounds in rabbits. 120 Cells and growth factor were both embedded into fibrinogen before mixing with thrombin and applied to wounds in the form of dressing. The treatment significantly increased formation of granulation tissue and its incorporation into the fibrin sealant and enhanced epithelialization. The authors have tested 4 formulations containing different concentrations of fibrinogen and thrombin. The scaffolds containing a 5-fold excess of thrombin-to-fibrinogen were the most effective 120 when compared with delivery systems with other thrombin and fibrinogen ratios. This study confirmed that fibrin is a promising scaffold for delivery of growth factors and cells into surgical wounds.
The studies previously described 119, 120 utilized fibrin matrices to deliver either epidermal or dermal cells into the wound bed. A vast majority of acute, chronic wounds, and burns, however, affect both the epidermal and dermal layers of the skin. Therefore, the engineering of skin equivalents containing both components is necessary. It has been shown that fibrin gels can be successfully used for the development of such products. 121 For example, fibroblasts and keratinocytes were isolated from human subjects, expanded in 2-dimensional cultures, and resuspended separately within human plasma, in the presence of CaCl 2 . After gel polymerization, the dermal and epidermal layers were overlaid and cultured for 7 days to achieve construct stabilization and differentiation of dermal and epidermal layers. These composites were transplanted into dorsal excisions made in athymic mice. By 4 weeks after transplantation, skin equivalents were integrated into the host tissues with concurrent healing of excisional wounds. Moreover, it has been shown that a fibrin-based dermal substitute has higher chances of revascularization compared with its collagen-based counterpart, 122 suggesting that the former has better potential in clinical applications. Recently, work from the authors' group has demonstrated that silk-based microfluidics and MEMS-based nanofabrication may prove extremely useful for the creation of prevascularized living skin equivalents possessing patient-derived cells, complete with a preexisting vasculature, dermal compartment, and epithelial covering derived from patient progenitor cells. This, in turn, should prove extremely beneficial for individualized applications, regardless of wound type. 123 Overall, the work discussed in this section 113, 114, 116, 117, 119, 121, 122 opens the possibility of creation of completely autologous skin substitutes with the capability to stimulate angiogenic response within the host tissues via both cellular components and addition of exogenous growth factors. At present, it remains unknown whether introduction of cultured endothelial cells contained in fibrin skin substitutes would further improve artificial skin survival. Therefore, additional research aimed at optimization of the scaffold and cellular/growth factor constituents is needed to make them available for clinical use.
In summary, methodologies for loading of growth factors into proteinaceous matrices can be classified as (Figure 7 ) (a) simple soaking of dry matrices with the solutions of growth factors, 102 (b) modifications of both matrix and growth factors allowing for better interactions between the two, 99 (c) growth factor modifications with ECM-binding motifs, 107 and (d) matrix modification using naturally occurring molecules such as heparin. 104 To the authors' knowledge, no single study has compared the effectiveness of these approaches. Therefore, further research is required to estimate the best strategy with which the best release kinetics and efficacy of growth factor delivery can be achieved. Also, all systems using ECM to deliver growth factors to cutaneous wounds have a significant disadvantageVa requirement for a secondary dressing. Incorporation of the matrices onto an adhesive and use of dressings for growth factor delivery could potentially solve this problem. Another option is the use of photo-cross-linkable matrices that would adhere to the wound bed upon exposure to light of specific wavelength. 124, 125 
POLYSACCHARIDE-BASED MATRICES FOR GROWTH FACTOR DELIVERY Carboxymethyl Cellulose
Carboxymethyl cellulose (CMC) ( Figure 8A) is a derivative of the common plant polysaccharide, cellulose. In CMC, hydroxyl groups of the 2-glucopyranose residues are substituted by 
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carboxymethyl groups. 126 This substitution makes CMC soluble in water and is useful for a wide variety of applications in the pharmaceutical industry. For instance, CMC is a major component of several wound-healing products, including Solosite gel (Smith & Nephew, St Petersburg, Florida) 63 and Aquacel Hydrofiber dressing (ConvaTec, Skillman, New Jersey). 127 In addition, CMC serves as an excipient and carrier in the PDGF-BB-containing ointment becaplermin (Regranex). 128 This CMCbased formulation is not ideal as it is characterized by fast bolus release and requires repeated application. 129 Nonetheless, Regranex remains the only growth factor preparation approved by the FDA for treatment of diabetic wounds. 9 Experimentally, CMC has been successfully used to deliver FGF-2 to the wound bed. 130 The growth factor was suspended in CMC and applied at 1, 10, or 100 Kg/cm 2 every third day and improved the rates of closure in infected wounds in rats. Other growth factors that have been delivered in CMC include TGF-A family members, such as BMP-2 used for bone repair. 131 The authors' laboratory has used CMC to deliver ECM-derived peptides into the excisional wounds in cyclophosphamidetreated mice. A 3% solution of CMC in saline was used as a carrier and demonstrated a significant improvement of epithelialization and granulation tissue formation after daily application of the peptides compared with vehicle alone. Thus, the authors' work and studies published by others 130, 131 suggest that CMC is a useful vehicle for both small and large protein delivery to the wound bed. These studies also indicate that, in some cases, CMC provides sufficient protection from degradation, allowing for retention of protein activity.
Chitosan
Chitosan ( Figure 8B ) is a polysaccharide consisting of N-acetyl-Dglucosamine and A-(1,4)-linked D-glucosamine. 132 It is produced by deacetylation of chitinVa major structural material of invertebrate exoskeleton and fungal cell wall. 133 Chitosans can be chemically modified and used in the form of films, hydrogels, fibers, and dressings. 133 The relative availability of chitosan, as well as its biological characteristics, including superior hemostatic ability 134 and antimicrobial and wound-healing properties, 135, 136 and recent FDA approval 134 make it an attractive biomaterial.
In wound-healing research, chitosan preparations have been used to deliver a number of growth factors (eg, FGF-2 and EGF) to wounds of different origin.
Most of the studies compare the healing rates of untreated wounds, wounds treated with chitosan, and those treated with chitosan impregnated with growth factors. Despite considerable increase in growth factor retention within the wound in the presence of chitosan, very few studies have demonstrated significant improvement of healing by growth factor-containing matrices compared with matrices alone. 137, 138 For example, Hong et al 139 applied recombinant human EGF (rhEGF) contained in chitosan films daily onto excisional wounds in normal pigs. Addition of the growth factor to the dressing did not significantly improve the rates of epithelialization but accelerated granulation tissue formation when compared with control. 139 Similarly, chitosan impregnated with FGF-2-containing gelatin microparticles failed to significantly improve healing of pressure ulcers in aged mice. 138 Conversely, FGF-2 incorporated into photo-cross-linkable chitosan matrices was able to stimulate wound healing in diabetic mice. 124, 125 Here the growth factor was mixed into the aqueous solution of chitosan modified with azide and lactose moieties, applied to a wound and exposed to a low dose of UV light, leading to the formation of a hydrogel inside the wound. Gradual degradation of the matrix allowed for sustained presence (up to 14 days) of the FGF-2 inside the wound and induced an enhancement of wound-healing rates. In addition to its effectiveness, this preparation of chitosan has an important advantage: It does not require a secondary dressing after application and remains in the wound for a long time. These studies demonstrate that chitosan is an effective prohealing wound dressing. Chemical modification of chitosan matrices and/or simultaneous delivery of several growth factors may be necessary to make them appropriate vehicles for growth factor delivery.
Alginate
Alginate ( Figure 8C ) is a linear polysaccharide derived from several species of brown marine algae. It is composed of 1 to 4 linked A-D-mannuronic acid and >-L-glucuronic acid that, depending on the source, can form homopolymers or heteropolymers. 140 In the presence of Ca 2+ ion alginates form gels. Since the 1970s, alginate gels have been used as excipients in the pharmaceutical industry and later for management of acute and chronic wounds. [141] [142] [143] Gel biocompatibility and relatively mild gelation conditions make alginate gels promising vehicles for growth factor and cell delivery. 141 Weak growth factor-alginate interactions, however, can lead to uncontrolled rapid release rates. 144 Increased growth factor retention within the alginate matrices can be achieved by covalent cross-linking use of heparins bound via ethylenediamine chemistry. Such modifications both allow for sustained FGF-2 release from the matrix while increasing implant vascularization in vivo. 145 Similar techniques have also been used to create and deliver proangiogenic hybrids composed of laminin and elastin-derived peptides to a dermal ulcer in a rabbit. 146 Significant increases in wound epithelialization and granulation tissue formation were achieved. These studies, as well as work describing pro-wound-healing properties of alginate, suggest that these dressings may be promising vehicles for delivery of growth factors into the wound bed.
SYNTHETIC POLYMERS AND THEIR USE FOR GROWTH FACTOR DELIVERY
Naturally occurring matrix-derived delivery systems can protect growth factors from hostile wound environments and are biocompatible and biodegradable. Moreover, some natural matrices such as collagen may contain ECM-bound growth factors that attract cells and enhance cell adhesion, growth, and motility. 96 Despite these beneficial features, natural scaffolds can pose a risk of disease transmission, are hard to produce in large quantities, may be expensive (animal-derived collagens and fibrins), and could induce allergic reaction (chitosan). The use of synthetic polymers can help to overcome these problems. Next, the authors review the most prominent synthetic carriers that can be used to deliver growth factors into the wound bed.
Poly(>-hydroxyacids-poly(lactic acid), Poly(glycolic acid), and Poly(lactide-co-glycolide) Poly(lactic acids) (PLA) and poly(glycolic acids) (PGA) ( Figure 9A and B) are synthesized as a result of ring-opening polymerization of cyclic lactic and glycolic acid dimers, respectively. 96 Poly(lactic acids) and PGA can be copolymerized, creating poly(lactideco-glycolic acids) (PLGA) ( Figure 9C ). In addition, the PLA, PGA, and PLGA can be further modified to have tailored degradation rates, hydrophilicity/hydrophobicity, and scaffold shape. These biocompatible and biodegradable polymers have been FDA approved for a number of biomedical applications and have been proposed for use in drug delivery. 147 Poly(lactideco-glycolic acid) is a component of 2 commercially available skin substitutesVDermagraft and TransCyte. Dermagraft contains PLGA with embedded allogenic fibroblasts that secrete growth factors and ECM components. This dressing serves both as a source of biologically active molecules and living cells beneficial for chronic wound healing. TransCyte, on the other hand, is used as nonliving skin replacement for treatment of burns. It does not contain living cells but cell-derived factors and ECM. 141, 148 Poly-(>-hydroxyacids) (PHA) have also been tested as carriers for a number of growth factors, as well as their combinations. 149 Several methods can be used to incorporate the bioactive molecules into PHA. 148 The most commonly used approach is foaming of growth factor-scaffold mixture with high-pressure gas (CO 2 ) in the presence of porogen, usually sodium chloride. A rapid pressure drop in the system leads to formation of bubbles and a consequent arrangement of scaffold material around the porogen particles. 150 Subsequent dialysis removes the porogen, creating porous growth factor-containing scaffold. This procedure performed in mild conditions allows for nondestructive incorporation of a single growth factor 151 or multiple growth factor combinations. 149 The latter strategy was used to incorporate and deliver proangiogenic VEGF and PDGF-BB to ischemic hind limbs in nonobese diabetic mice. 149 In this study, the scaffold was fabricated by mixing PDGF-containing PLG microspheres with lyophilized VEGF followed by highpressure gas foaming. This ensured controlled distribution of the growth factors within the scaffold, with VEGF largely present on the surface of the scaffold and PDGF located within the microspheres dispersed throughout the polymer. Incorporation of this scaffold into the ischemic areas led to sustained delivery of both growth factors and a significant increase in density of stable blood vessels. 149 This was in contrast to sustained delivery of these individual growth factors separately, which did not induce the formation of mature blood vessels. Although this delivery system was not tested in a model of cutaneous wound healing, it has the potential to increase PDGF/VEGF concentrations inside the wound, improve angiogenesis, and increase the rates of wound healing. Alternatively, FDA-approved PHA-containing wound dressings (Dermagraft and TransCyte) that currently incorporate growth factors and matrix components synthesized by cultured allogenic cells could be modified to carry recombinant bioactive molecules. In principle, this would not only eliminate the risk of disease transmission, but also allow for better control of the amount, delivery, and nature of integration for active biomolecules.
Polyethylene Glycol
Polyethylene glycol (PEG) ( Figure 9D ) is synthesized by polymerization of ethylene oxide that can be initiated by methanol or water. 152 Further polymerization and covalent cross-linking of functionalized PEG can be achieved by several methods including chain-growth, step-growth, and mixed step-chain growth polymerization. 153 Chain-growth polymerization requires the presence of free radicals, can leave behind potentially dangerous unreacted monomers, and often is performed in harsh conditions. On the other hand, step-growth polymerization is known to produce more uniform polymers and can be performed in a relatively mild setting. High water solubility, biocompatibility, and versatility of PEGs make them attractive materials for delivery of biologically active molecules. Several methods can be used to load growth factors into PEG scaffolds. The first approach includes entrapment of the active molecules within the prepared gel by simply soaking the gels in concentrated solutions of the drug of interest. 153 This method provides little control over the amount of the drug loaded into and released from a scaffold and therefore is not very appropriate for use in biological systems. Second, scaffolds can be loaded during the PEG cross-linking process. 154, 155 In this case, bioactive molecules are added to a modified scaffold, such as acryloyl-PEG-N-hydroxysuccinimide (PEG-NHS), in the presence of cross-linking buffer. 155 This technique was used to prepare a substrate for growth of vascular smooth muscle cells: PEG-NHS scaffold was linked to TGF-A1 and several ECM fragments. In turn, this process allows for better cellular attachment and enhancement of matrix production without an increase in cell proliferation. 154 Unfortunately, this TGF-A1 incorporation technique did not achieve significant release of the growth factor to culture media. Therefore, hydroxysuccinimidemediated cross-linking of bioactive molecules may not be suitable for drug delivery to the wound bed. In contrast, cross-linking of thiol-bearing growth factor to vinyl sulfone-functionalized PEG (VSF-PEG) allowed for cell and protease-dependent release of growth factor and might be more appropriate for this application. Zisch et al 155 used this strategy to tether VEGF with an additional c-terminal cysteine (VEGF-cys) to VSF-PEG. These cross-linking reactions were performed in the presence of short peptides bearing MMP-2 cleavage sites and cysteine residues flanking cell-adhesive amino acid sequences (RGDSP). 155 Such cross-linking conditions not only preserve the proangiogenic activity of VEGF, but also permit its release from the matrix (either in the presence of exogenous or cell-derived ECMremodeling enzymes in vitro). In vivo, 14 days after subcutaneous implantation in rats, VEGF-PEG conjugates were replaced with a highly cellular and vascularized tissue, 155 suggesting that this growth factor incorporation technology allows for sustained release of VEGF from the scaffold. Vinyl sulfone-functionalized PEG has also been used to deliver VEGF and TGF-A1 combinations. 156, 157 In this case, sequential release of the bioactive molecules can be achieved when one of them is covalently conjugated to the scaffold, and the other is incorporated via a simple soaking. The possibility of whether PEG scaffolds or their modifications can be used for drug delivery to a wound bed was never explored. Yet, it has been demonstrated that covalent linkage of the PEG molecule to the N-terminus of an rhEGF using monomethoxy PEG-butyraldehyde derivatives increased the stability of the growth factor inside a wound. 158 Moreover, it has been shown that PEG in combination with PLGA can be a promising vehicle for delivery of stem cells to the injury site. 159 Additional studies will be needed to evaluate whether PEGs can serve as functionalized scaffolding capable of delivering growth factors to the wound beds with defined release kinetics.
GENE DELIVERY
The often-discussed approaches used to deliver protein therapeutics into wounded tissue cannot protect the protein from proteolytic degradation. The problem of protein instability could be eliminated if the resident cells could produce the protein in situ. This can be achieved by supplying relevant genetic material directly to the resident cellsVa technique called gene therapy ( Table 2) . This relatively new approach has been used in clinical trials for treatment of congenital blindness, 160 ischemic conditions, 161 and certain types of cancer 162 and could be used for treatment of chronic wounds. Cutaneous diseases, particularly chronic wounds, are attractive targets for gene therapy. To date, several methods of gene delivery to the wound bed have been described, including nonviral (plasmid DNA) and virus-mediated delivery. 163 Here, the authors briefly describe several of these methods.
Delivery of Plasmid DNA
A variety of plasmid DNA delivery methods have been proposed ( Table 2 ). Simple methods, including direct topical applications or injections of DNA into the site of interest, have proved inefficient and may not be appropriate for the delivery of genes encoding for growth factors or other proteins that accelerate wound healing. 163 More effective methods that have been considered for DNA delivery take advantage of technologies that use physical force to propel cDNA-coated gold particles into the skin or other tissues with a ''particle-bombardment device'' or ''gene gun.'' [163] [164] [165] [166] In addition, DNA can be directly injected into the wound bedassociated cells using microneedles. 167 This technique allowed for high levels of growth factor expression within the wound, but no stimulation of angiogenesis or epithelialization was achieved. 168 The failure of growth factors delivered using the microneedles to enhance cellular responses to injury suggests that these methods may require modifications, perhaps allowing for a more precise cellular targeting regimen.
Electroporation, which is commonly used to transfect cells in culture, can be similarly used in vivo to deliver growth factorencoding DNA into the wound bed. 169, 170 This method was used to deliver FGF-7 encoding plasmids into the wounds in rats, leading to improvement of both the rates and quality of wound healing as determined by epithelial thickness and by the number of inflammatory cells present. 169 Further work will be required before electroporation-based methodologies will become a viable gene therapy option for the treatment of chronic wounds in human patients.
Liposomal formulations can also be used to transport negatively charged DNA into living cells. Several groups have demonstrated that cationic liposomal complexes containing DNA constructs encoding growth factors (FGF-1 and IGF/KGF [keratinocyte growth factor] combination) when delivered to incisional wounds or burns can stimulate wound healing. [171] [172] [173] Optimal combination of growth factor genes, as well as determination of optimal composition of liposomal delivery vehicles, will ensure the effectiveness of this delivery mode.
In summary, among several methods for nonviral gene delivery to the wound bed, electroporation and liposomal administration appear most promising. To our knowledge, neither of them is currently used in clinical practice. Virus-mediated gene delivery methods, on the other hand, are currently undergoing clinical trials.
Viral Gene Delivery
This method of gene administration uses the natural ability of viruses to introduce genetic material into the host cells. Typically, 3 types of viruses are used, including adenoviruses, adenoassociated viruses (AAVs), and retroviruses. 163 Double-stranded DNA adenoviruses are most commonly used in gene therapy 185 ; avotermin (rh-TGF-A3) is in trials for treatment of excessive scarring 186 and can achieve 95% infection efficiency. 161 Adenoviruses can infect both dividing and nondividing cells and therefore could be used to carry growth factor-encoding genes to both chronic and acute wounds. Because of their inability to integrate foreign genes into the host genome, adenoviruses can induce only a temporary increase in expression of the gene of interest. This property makes them exceptionally suitable for delivery of growth factor-encoding genes considering the fear that excessive or permanent expression of these potent molecules could be detrimental and possibly lead to neoplastic growth. Adenoviruses can be used to administer genes encoding growth factor receptors and their ligands. Okwueze at al 64 recently reported successful transfection of Erb3 receptor into a porcine wound using adenovirus delivered with a gene gun. This procedure alone did not significantly improve healing, but the additional topical application of Erb3 ligands, particularly HB-EGF, led to significant improvement of re-epithelialization. 65 Growth factor ligand gene delivery can also be performed using adenoviral vectors. Vascular endothelial growth factor-encoding genes have been administered into excisional wounds in streptozotocin-induced diabetic mice. 174 This treatment promoted early responses to injury, improving granulation tissue formation, and increased wound-healing rates at days 3 to 5, but not on day 13 after wounding. The absence of long-term stimulation of wound healing could possibly be explained by the transient nature of foreign gene expression that is achieved after adenoviral delivery. Importantly, no adverse effects of adenoviral gene delivery were observed. This is in contrast to an earlier study, 175 where wound epithelialization was impaired after in-tradermal injection of Ad-LacZ. It is possible that this particular mode of vector deliveryVintradermal injectionVbut not topical application, is detrimental for wound healing. Another possible reason why adverse effects were seen in one, but not the other study, is the different animal model used. It is possible that even minor virus-induced inflammatory responses may be damaging for healing wounds made in one versus another tissue location, for example, the ischemic ear versus dorsal wounds. Clearly, more thorough investigation and better understanding of potential risks linked to adenovirus-mediated gene delivery will be required before this approach will gain acceptance and be adopted for clinical use. Adeno-associated viruses are also commonly used for gene administration in wound-healing studies. These vectors can deliver genes to either dividing or nondividing cells and can induce transient or more permanent gene expression, depending on the degree of host genome integration. Furthermore, AAVs induce limited immune response and have been used to deliver VEGF transgenes in several types of animal woundhealing models. 176, 177 Retroviruses are another viral group used for gene delivery. Despite low transfection efficiency combined with relatively high particle instability, these viruses account for more than 30% of all gene therapy clinical trials. The use of retroviruses as vectors for growth factor-encoding DNA delivery to the chronic wound bed is limited because of an inability of these viruses to infect nondividing cells. 163 Both AAVs and retroviruses can be also used ex vivo, where autologous or donor cells are transfected, while grown in Abbreviations: EGF, epidermal growth factor; FGF, fibroblast growth factor; KGF, keratinocyte growth factor; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor.
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culture and then transplanted to a host. For example, this approach was used to genetically modify human keratinocytes to express human PDGF-AA, which were then transplanted into the wounds in athymic mice. This treatment greatly improved skin graft survival and increased the number of infiltrating host cells. 178 Finally, viral vectors bearing DNA encoding a growth factor can be immobilized on a matrix and then introduced into the wound bed. This technology was used with PDGF-B, FGF-2, or VEGF encoding adenoviruses, which were immobilized on a collagen matrix. 179, 180 This approach allowed for extended (at least 28 days) expression of the transgene inside the wound bed, production of PDGF-B mRNA, and enhanced epithelialization/ granulation tissue formation and angiogenesis, suggesting increased protein production. In contrast to delivery of Ad-PDGF-B in an aqueous formulation, no hyperplasia was observed in tissues surrounding the wound upon the exposure to virus embedded in collagen scaffold, and no vectors were disseminated beyond the lymph nodes located near the wound. 180 It should be mentioned that delivery of growth factorsV encoding genes using viral or nonviral systemsVshould be approached with caution as the exact localization of the transgene, the extent, localization, and durability of gene expression by the cells may be hard to control. This is especially important because many growth factors used to promote wound healing are also implicated in cancer. 181 Therefore, future work should focus on both identification of wound healing-specific target genes and better methods for drug delivery allowing for localized and controlled gene expression.
SUMMARY
In recent years, considerable progress has been made in understanding the molecular mechanisms controlling normal wound healing and those mediators that impair repair. In turn, these insights have offered opportunities leading to the development of enhanced wound-healing therapies. Although proteases and inflammatory mediators have been suggested as molecular ''obstacles'' or impediments to wound healing, it is now clear that their action can be avoided by adding protease inhibitors to growth factor-containing formulations or the use of recombinant truncated proteins lacking proteinase-binding sites. 176 With advances in clinicians' understanding of the biology of gene expression, it will become possible to develop gene therapy approaches that allow for expression of relevant genes on demand at the site of injury. Even though this approach poses certain risks linked to an excessive gene expression, having a better understanding of the mechanisms controlling gene expression may help to overcome this problem. For instance, drug-responsive and/or cell-type specific promoters and in vitro cell transfections before grafting could improve the control over the production of growth factors within the wounds. 177, 178 Finally, recent progress in the field of material science has made possible the development of better scaffolds/vehicles for both protein and gene delivery into the wound bed.
As scientists and clinicians continue working on both improvement and further testing of existing delivery modalities, this will surely lead to both improvement of existing and creation of novel therapeutics for chronic and acute wound sufferers.
